Abstract. To observe changes in the nu tri tion al sta tus of corollas during de vel op ment and se nes cence, Petunia ×hybrida cv. Mitchell corollas were analyzed for ma cro nu tri ent and mi cro n u tri ent content, dry weight, fresh weight, and ethylene pro duc tion. Carbon con tent de creased at slightly lower rates than dry weight during corolla development between anthesis and se nes cence, while fresh weight and ethylene pro duc tion followed patterns expected of cli mac ter ic fl owers. Nitrogen, phosphorus, and potassium content declined during de vel op ment. Both phosphorus and potassium content gradually de clined through out de vel op ment with overall losses of about 75% and 40%, respectively. Ni tro gen content declined 50% during de vel op ment but losses occurred only during the fi nal stages of senescence. No signifi cant changes were observed in sulfur, calcium, magnesium, and micronutrient content of the corollas dur ing development. Most el e ments were present in much lower con cen tra tions in corollas than in leaves. The con cen tra tions of calcium, mag ne sium, and man ga nese were about 1-, 5-, and 15-fold lower in corollas than in leaves, respectively. Results indicate that remobilization of selected ma cro nu tri ents from corollas occurred before and during se nes cence. Taken together with the pres ence of low con cen tra tions of ma cro nu tri ents, my data support the contention that petunia corollas are nutritionally in ex pen sive and therefore easily dis pos able organs.
peat-lite media (Sunshine Mix #1, Sun Gro Hor ti cul ture, Bellevue, Wash.). ' Mitchellʼ is an open-pol li nat ed, white variety of the com mon gar den petunia. The plants were fer til ized at every watering with 150 mg·L -1 ni tro gen based on a 20N-4.4P-16.6K fertilizer (Pe ters Pro fes sion al Fogelsville, Pa.) . Eigh teen fl ow ers, cho sen at ran dom, were tagged and emas cu lat ed one day prior to ex pect ed an the sis, to avoid accidental polli na tion, there by de creas ing the longevity of a subset of fl ow ers. Every day thereafter, 18 additional fl ow ers, chosen at random, were tagged and emas cu lat ed until the fl owers tagged on the fi rst day were com plete ly senesced (≈8 d after an the sis). The corollas of all fl ow ers were har vest ed at this time, grouped in three samples of six fl owers, dried over night in an 80 °C oven, ground in a mortar with a pestle to pass a 40-mesh screen, and stored at -20 °C for later analysis. The only exception to this pro ce dure was the tissue used for ethylene mea sure ments (see below). Fresh weights were taken im me di ate ly before dry ing. Dry weights were mea sured after the tissues were ground to a pow der.
Recently expanded leaves were harvested at the same time corollas were collected. Three samples of six leaves each, chosen at random, were removed from the plants and processed immediately as described for corollas.
Ethylene measurements. Six corollas were labeled and harvested as described above. Immediately after harvest the corollas, two per sample, were enclosed in three 50-mL vials. After a 30-min incubation at room tem per a ture, a 1-mL headspace sample was taken from each vial and injected into a gas chro mato graph (Varian, Walnut Creek, Calif.) equipped with a fl ame ionization detector and a Haysep R column.
Carbon, nitrogen, and sulfur analyses. Total carbon, nitrogen, and sulfur were analyzed on a LECO 2000 CNS carbon-ni tro gen-sulfur analyzer (LECO, Mich.). One hundred mg of previously dried and ground tissue was weighed and placed in furnace boats for anal y sis.
Phosphorus, potassium, calcium, magne sium, and microelement analyses. One hun dred mg of dried and ground tissue were weighed and used for microwave digestion. The tissue was placed in digestion vessels to which 5 mL of concentrated HNO 3 and 3 mL of 30% H 2 O 2 were added. The reaction was allowed to subside overnight. The samples were digested in a CEM MDS-2000 mi cro wave (CEM, N.C.), fi ltered through Whatman no. 42 ashless fi lter paper, brought to 50 mL total volume with ddH 2 O, and stored at -20 °C until further analysis. Concentrations of phosporus, calcium, magnesium, boron, iron, manganese, copper, zinc, and aluminum were measured on a PerkinElmer P400, an in duc tive ly coupled plasma-optical emission spec trom e ter (Perkin Elmer, Norwalk, Conn.). Po tas si um concentrations were measured on a PerkinElmer 5000 atomic absorption spec trom e ter equipped with an autosampler (Perkin Elmer).
Statistical analyses. Statistical analyses were carried out with the Analyst software package, part of the SAS system for Windows Petal development in higher plants is termi nat ed by pollination-induced or age-related petal or corolla senescence. The regulation of petal or corolla senescence is thought to fa cil i tate the ordered breakdown and remobilization of cellular constituents to other plant and fl ow er organs (Borochov and Woodson, 1989; Rubinstein, 2000) . Flower senescence in many plants, in clud ing Petunia ×hybrida, is as so ci at ed with a signifi cant increase in production of ethylene, which plays a regulatory role in the demise of petals or corollas in several plant species (Borochov and Woodson, 1989; Reid and Wu, 1991) . Numerous cellular com po nents, especially membranes, break down during petal senescence. Changes in mem branes occurring throughout fl ower de vel op ment have been studied extensively (Adam et al., 1983; Borochov et al., 1984; Brown et al., 1987; Brown et al., 1991; Itzhaki et al., 1990) . Mac ro mol e cules such as starch, proteins, and nu cle ic acids also break down during this time (Borochov and Woodson, 1989) . Increased levels of catabolic enzymes, senescence-related mRNAs, and catabolic end products have all been observed before and during se nes cence (Bieleski and Reid, 1992; Bieleski, 1995; Lawton et al., 1990; Leshem, 1987) . How ev er, few studies have actually shown remobilization of the products of these cat a bol ic reactions although remobilization of sug ars, 1-aminocyclopropane carboxylic acid (ACC) (the ethylene precursor), and phos phate to other parts of the plant has been observed or inferred from other observations (Fobel et al., 1987; Nichols and Ho, 1975; Woltering et al., 1995) . In addition several studies have also reported increased elec tro lyte leakage due to increased membrane permeability (Kende and Hanson, 1975; Rubinstein, 2000; Woodson and Borochov, 1989) .
Few studies have addressed changes in mineral nutrient concentrations, a good in di ca tion of overall changes in fl ower tissue from anthesis through fl ower senescence. The re search that has been carried out on this subject generally focuses on the whole fl ower and not the corolla or petals (Drossopoulos et al., 1996; Tamimi et al., 1999) .
The objectives of this study were twofold. First, I wanted to identify changes, if any, in macronutrient and micronutrient con cen tra tions during corolla development through fl ow er senescence. Changes in element con cen tra tions before and during fl ower se nes cence may clarify if fl ower senescence is a programmed recycling process. Second, I wanted to compare the nutritional status of the corolla with that of leaves, to gain insight into the nutritional expense to the plant associated with disposing of the corolla.
Materials and Methods
Plant material and weight mea sure ments. Thirty-six Petunia (Petunia ×hybrida cv. Mitchell) plants were grown under greenhouse conditions. Day and night temperatures were set at 21 and 18 °C, respectively. Plants were grown under natural light conditions from January until May in 12 pots (25 cm diameter) containing three plants each in a (SAS Inc., Cary, N.C.). Linear, quadratic, and cubic relationships were assessed at 5%, 1%, 0.1%, and 0.01% level of signifi cance. In the event that an equal level of signifi cance was ob tained (P value), a 0.10 or greater increase in R 2 was used to determine if the next highest order polynomial would be applied.
Results
Ethylene production. Ethylene pro duc tion from corollas remained low but de tect able from 1 day through 5 days after anthesis (Fig. 1A) .
A typical ethylene climacteric was ob served from day 6 to day 8.
Dry and fresh weight. After an one day increase in fresh weight immediately fol low ing anthesis, the fresh weight of the corollas remained constant through day 6 (Fig. 1B) . Fresh weight decreased by one third during the ethylene climacteric, which included wilt ing and inrolling of the corollas. The dry weight of the corollas also declined about one third fol low ing anthesis but the loss was progressive through senescence (Fig. 1C) . Dry weight losses occurred at a rate of 0.0013 g/day.
Carbon. The amount of carbon in the co rol las decreased by one half from anthesis through senescence (Fig. 1D) . Carbon losses occurred progressively, in a similar pattern to losses in dry weight, and at a rate of 0.0011g/day.
Changes in macronutrients and mi cro n u tri ents. Nitrogen, phosphorus, and po tas si um contents of corollas declined from an the sis through senescence (Fig. 2) . However, the pattern of change in nitrogen content was different from that for phosphorus and potas si um contents. After a brief decline in Fig. 2 . Changes in nitrogen, phosporus, and po tas si um content of petunia corollas from anthesis through senescence. Each point rep re sents the mean of three, six corolla rep li ca tions. All numbers are expressed on a per corolla basis. Vertical bars represent ± standard error (SE) (n=3). Regression analysis shows a signifi cant linear decline in phosphorus (P = 0.0005) and potassium (P = 0.0032) content and a cubic relationship in the decline in nitrogen content (P = 0.0112).
Fg. 1. Changes in ethylene production (A), fresh weight (B), dry weight (C), and carbon content (D) of petunia corollas from anthesis through senescence. Each point is the mean of three, six corolla replications. Carbon content is ex pressed on a per corolla basis. Vertical bars represent ± standard error (SE) (n=3). Re gres sion analysis shows a sig nifi cant linear decline in dry weight (P = 0.0042) and carbon content (P < 0.0001) during de vel op ment.
nitrogen content after anthesis, nitrogen content re mained constant through day 6. Nitrogen con tent decreased by 50% during the ethylene climacteric. Phosphorus and potassium con tent declined progressively by 75% and 35%, respectively, from anthesis through se nes cence. The rates at which phosphorus and potassium were lost from the corollas were 0.0068 mg/ day and 0.0313 mg/day, respectively. Sulfur, calcium, and magnesium content remained constant from anthesis through development (data not shown). Among micronutrients no signifi cant change occurred in boron, copper, iron, manganese, or zinc content during co rol la development (data not shown).
Recently expanded leaves had ni tro gen, phosphorus, potassium, sulfur, cal ci um, and magnesium concentrations that were much higher than those found in the corollas of fl owers at anthesis (Fig. 3) . Concentrations of boron, copper, and zinc were the same in both leaves and corollas (Fig. 4) .
Discussion
Signifi cant losses in fresh and dry weight ( Fig. 1) are universal changes associated with petal senescence (Borochov and Woodson, 1989; Rubinstein, 2000) . The loss of fresh weight results from decreased water uptake and signifi cant loss of water during the eth yl ene climacteric in petals, which is typically marked by a loss of cellular com part men tal iza tion. The gradual decrease in dry weight is thought to result from tissue respiration and remobilization of cellular constituents (Borochov and Woodson, 1989) . In petunia corollas, as in those of many other species, the loss of dry mass was independent of the eth yl ene climacteric (Fig. 1 , A and C) (Borochov and Woodson, 1989) .
Carbon loss from the corollas occurred at slightly lower rates than dry weight losses, 0.0011 g/day vs. 0.0013 g/day, re spec tive ly. Since the rate of carbon loss almost equaled that of dry weight loss, most carbon losses were probably due to respiration. Remobili zation of sugars, amino acids, phos pho lip ids, and nucleotides, should produce a much great er rate of dry weight loss due to the removal of additional nitrogen, oxygen, or phosphorus in the molecules. Losses of both nitrogen and phosphorus during this time were small (Fig. 2) . However, fl owers that are pol li nat ed or treated with ethylene before natural se nes cence occurs may show very different patterns of nutrient changes (Borochov and Woodson, 1989) .
Direct and indirect evidence exists for the breakdown of a number of cellular constit u ents including many carbon-containing mol e cules during fl ower senescence (Rubinstein, 2000) . Several studies have addressed the ques tion of catabolism in fl ower tissues (Borochov and Woodson, 1989; Rubinstein, 2000) , how ev er very few have demonstrated actual trans port from the corolla or petals. My ob ser va tions of decreasing nitrogen and phosphorus content show that nitrogen and phosphorus were remobilized during corolla development and senescence. However, the data do not support signifi cant remobilization of car bo hy drates as seen in carnation, day li ly, and Ip o moea tricolor (Bieleski, 1995; Borochov and Woodson, 1989; Wiemken-Gehrig et al. 1974) . Emasculation of the fl ow ers may have played a role in this ob ser va tion, but fl ower longevity was unaffected (data not shown). Phosphorus content decreased pro gressive ly during corolla development. Dur ing flower development activity of enzymes in volved in the catabolism of phospholipids increases before and during senescence (Borochov and Woodson, 1989; Rouet-Mayer et al., 1992; Rubinstein, 2000) . Phospholipid synthesis at the same time decreases during senescence (Rubinstein, 2000) . In addition, RNAse activity increases during senescence, resulting in the loss of total RNA from petals (Matile and Winkenbach, 1971; Woodson, 1987) . Changes in membranes occur through out fl ower development, not only during se nes cence (Rubinstein, 2000) . The decrease in phosphorus content observed in this study can therefore be interpreted as the result of ca tab o lism of cellular constituents that remobilized phosphorus. Processes associated with pro tein and nucleic acid catabolism are most likely also responsible for the decrease, albeit small er, in nitrogen content observed in this study during days 7 and 8. However, this decline in nitrogen content seemed to be more closely associated with the ethylene cli mac ter ic than with the gradual decline in phos pho rus con cen tra tion, which appeared to be un re lat ed to ethylene. The decline in po tas si um, the most mobile cellular cation, during fl ower de vel op ment, is most likely at trib ut able to its ability to balance charges of com po nents be ing ex port ed from the corolla.
The calcium concentration in mature leaves was ≈10-fold higher than the calcium con cen tra tion in corollas (Fig. 3) . Calcium has been implicated in many studies as an agent de lay ing senescence and increased postharvest qual i ty of a number of plant tis sues, including fl owers (Mills and Jones, 1996; Torre et al., 1999) . Calcium is thought to affect fl ower longevity through its stabi liz ing effect on membranes (Leshem, 1987) . Treat ment of petals with calcium has been shown to sig nifi cant ly prolong the postharvest life of rose fl owers (Torre et al., 1999) , sug gest ing a role for calcium in fl ower main te nance.
In conclusion, all macronutrients were present in lower concentrations in co rol las than in leaves, most likely due to the limited photosynthetic capabilities of co rol las. This makes disposing of corollas, through abscis sion, after remobilization of a sig nifi cant por tion of the macronutrients, a relatively nu tri tion al ly cheap process. Indeed, the showy parts of a fl ower have been shown to function only as long as a competitive advantage can be obtained from maintaining the fl ower in an tic i pa tion of pollination. Disposal in favor of a new fl ower that can be pollinated is an in tri cate part of maintaining a competitive ad van tage for plants Schoen, 1994, 1997) . A nutritionally cheap organ may fi t well in this strategy of survival. Ad di tion al research should be car ried out to establish the differences in remobilization of nutrients from the petals and corollas of other species.
